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Low-mass supernovae in the early Galactic halo: source of the 
double r/s-process enriched halo stars? 
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Several stars at the low-metallicity extreme of the Galactic halo ([Fe/H] = —2.5) show 
strong enhancements of both s-process and r-process elements. The presence of s-process 
elements in main-sequence stars is explained via mass transfer from an AGB companion star 
in a binary system. r-Process elements originate in type-II supernovae and also require mass 
transfer. It is however unclear how pollution by both an AGB star and a supernova could 
have occured. Here I show that the initial-final-mass relation steepens at low metallicity, due 
to low mass-loss efficiency. This may cause the degenerate cores of low-Z, high-mass AGB 
stars to reach the Chandresekhar mass, leading to an Iben & Renzini-type- 1 .5 supernova. Such 
supernovae can explain both the enhancement patterns and the metallicity dependence of the 
double-enhanced halo stars. Reduced mass loss efficiency predicts more massive remnants in 
metal-poor globular clusters. The evidence for a high M/ L population in the cores of globular 
clusters is briefly discussed. 
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1 CHEMICAL PECULIARITIES IN HALO STARS 

The metallicity distribution of the stars in the Galactic halo ranges 
from [Fe/H] = — 1 for the most metal-rich stars, to [Fe/ H]= —5.3 
at the minimum (HE 0107-5240: IChristlieb et aljj20o3) ). The first 
halo stars formed from almost unprocessed primordial gas. A short 
formation time is favoured, because chemical enrichment due to 
supernovae is rapid. The Milky Way disk formed out of gas pre- 
enriched to about [Fe/H]~ — 1. The pre-enrichment may have been 
due to the Bulge formation jRenzinit 2003) but the most metal-rich 
stars in the halo show that this level of enrichment was already 
reached by the end of the halo formation. Th e global meta llicity of 
the Universe reached [Fe/H] ~ — 1 at z = 3 l'Renzini'2003). 

Some halo main-sequence stars show evidence for abundance 
alterations. Because main-sequence stars should not have signifi- 
cantly altered their surface abundances, and pollution from plan- 
etary companions is unlikely given the dearth of planets at sub- 
solar metallicity i Bodae hee et alJ l2003^■ pollution from a com- 
panion star by mass transfer is considered most likely. In some 
cases high overabundances of s-proces elements (e.g. Pb) ar e 
found jAo k i et al.l200(il Van Eck et alj200lt[Lucatello et alj2003h . 
These elements ar e formed in Asymptotic Giant branch (AGB) 
stars Eck et al. 2003), which first appeared 10* yr after the 
halo formation. Other metal-poor stars show evide nce for large 
enhancements of r-process elements, a.o. europium iSneden et alj 
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l200Cl) and gold l lCowan et alj |2002h. These form in type-II super- 
novae, and are also explained via pollution from a companion star. 

The discovery that several stars show enhancements of both r- 
process and s-process elements ( Hill et alj200(llCohen et alJ2003^ 
is puzzling, as they require pollution from both an AGB star and a 
supernova. 

In this paper we will present a calculation which indicates that 
at low metallicity, inefficient mass loss may allow the degenerate 
cores of AGB stars to reach the Chandresekhar mass. This would 
lead to a AGB supernovae, polluting low-mass companions by both 
s-process elements (enriched in the AGB envelope) and r-process 
elements formed in the subsequent explosion. The next section dis- 
cusses the double-polluted stars. Section 3 discusses AGB mass 
loss at low Z, and Section 4 derives initial-final masses for these 
stars and discusses the possibility of AGB supernovae. 



2 DOUBLE POLLUTED HALO STARS 



the double enhancements 
CS22948-027 



Three stars are known to show 

HE2148- 1247 iCohen et alJ l2003h . CS22948-027 | Hill et al 

'200Cl IPreston & SnedeiJ l200ll) "and CS29497-034 Mill et al 

.lOOd . with [ Fe/H1=-2.3,-2.45 , and - 2.90 respecti vely. 



CS22898-027 jPreston & SnederJ EoOl: Ao ki et alj Eooa . at 
[Fe/H]= —2.25, may also show double enrichment. The metal- 
licities are at the low er range of the gaussian halo distribution 
jRvan&Norr'i3ll99lh . The process leading to the double en- 



2 A.A. Zijlstra 



hancement appears to require [Fe/H] < —2. A lower limit to the 
metallicities of the double enriched stars is not evident. Although 
there is a tail in the halo distribution extending to fFe/H]= —4 
iRvan & No rris 1 99 D or lower I Christlieb et al. 2002), there are 
few stars in this tail. 

ICohen et alj i2003h discuss possible scenarios for double en- 
hancements. A triple system including one massive pre-supernova 
and one pre-AGB star, plus the remaining low-mass star, ap- 
pears very unlikely. They therefore suggest reverse mass-transfer 
from the low-mass star to the post-AGB white dwarf, leading to 
accretion-induced collapse, and a type-la supernova. A third star in 
a close orbit around the AGB primary may instead be considered 
for the mass donor, leading to a more traditional type-la scenario, 
but this again leads to an unlikely close triple system. There is also 
no evidence that type-la SNe manufacture significant amounts of 
r-process elements, arguing against both these scenarios. 

Pollution from an AGB companion (s-process elements) oc- 
curs via wind accretion. The peak transfer efficienc y o c urs for bi- 
naries with periods around 3000 days I Po ls et aL.2003l) . lHan et all 



jl995r stress the additional importance of a common envelope 

phase in mass transfer, but orbital eccentricities show that all 

but the closest binaries (d < 1 AU) avoid a common envelope 
I ■ 1 1 ' 1 

jKarakas et al. 2000; Pols et al. 2003). Roche lobe overflow is also 
unlikely iHan et al-2002) . firstly because it tends to happen on the 
first giant branch (before the onset of the s-process enhancements) 
and secondly because it is unstable for donor stars more massive 
than the secondary, as would have been the case here. For the more 
likely wider orbits, the wind interaction has little or no effect on 
the primary AGB star, which continues to evolve as in the case of a 
single star. 

The wide orbit argues against the accretion-induced collapse, 
because of the need to transfer a large amount of mass from a 
distant low-mass main-sequence star in order to reach the Chan- 
dresekhar mass. A scenario which does not require either a triple 
system or reverse mass transfer, and explains the metallicity de- 
pendence of the double-enrichment process, could be of interest. 



3 AGB MASS LOSS AT LOW METALLICITY 
3.1 Mass loss expectations 

Stars on the AGB burn helium and hydrogen in shells around their 
inert C/O core. Mass loss increases during the AGB: once the mass- 
loss rate in the wind significantly exceeds the nuclear bur ning rate 
(~ 10 ~^ M0 yr~^), the evolution comes to a sudden end jWillsod 
l200Cl) . The remaining envelope is quickly removed and nuclear 
burning will cease. The C/O core at this point forms the subsequent 
white dwarf. 

The dependency of the mass loss on the stellar parameters is 
not well known. Several formalisms have been proposed in the lit- 
erature, depending typically on the radius, mass and lu minos ity of 
the star. The one used most extensively is the Bloecke^ Il995h rela- 
tion 
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with quantities in solar units. Such relations are generally derived 
for Galactic stars. An explicit metallicity dependence is not in- 
cluded. 

The mass loss of AGB stars is a two-step process. First, pulsa- 
tions extend the atmosphere and drive a small mass loss. Secondly, 
dust forms in the extended atmosphere: radiation pressure on the 



dust now drives the large mass-loss rates observed. At low metal- 
licity, the efficiency of th e dust formation is r educe d and this will 
limit the mass-loss rates. iBowen & WillsorJ il99ll) derive mass- 
loss rates at low Z from theoretical pulsation models. They find 
that at low metallicity ([Fe/H]< —1) the dust does not play a sig- 
nificant role and the wind becomes purely pulsation driven. Stars 
with lower metallicity are found to have lower mass-loss rates. This 
will allow the core to grow to a larger mass and reach higher final 
masses. 

The AGB wind depends o n the stell ar radius. As low- 
metallicity stars have smaller radii toerJ jl984 gives for AGB stars 
the relation R oc Z""**), this implies a further metallicity depen- 
dence of the mass loss, even for dust-free, pulsation driven winds. 

3.2 Observational Evidence 

There are few direct observations of mass loss at low metallicity. 
The best data set co mes from ISO obse rvations of AGB stars in the 
Magellanic Clouds toamsetalJ l999). from which both mass-loss 
rates and luminosities were derived (van Loon et al. 1999). Com- 
parison with Galactic stars is not straightforward, because within 
the Galaxy distances tend to be poorly known and the luminosities 
are uncertain. The ISO data shows that both LMC and SMC stars 
reach similar mass-loss rates to those shown by Galactic stars near 
the tip of the AGB ( van Loon 2000), although the unknown dust-to- 
gas ratios and expansion velocities could hide some difference. The 
luminosity of the LMC and SMC stars tends to be high, reaching 
up to L = 5 X 10'' Lq. 

Mass loss at even lower metallicities ([Fe/H]< —0.7) is very 
poorly studied. However, the superwind phase will lead to the for- 
mation of a planetary nebula (PN) and these can be observed to 
very large distances. There is a good relation between the number 
of PNe and the luminosity of the host galaxy: for the most popu- 
lated systems (Bulge, LMC), log[iV(PN)] fa logLy/Lo - 6.9 
( Magrini et al. 2002). However, local galaxies wit h low Z show 
some evidence for a deficiency in the number of PN iMagrini et alJ 
l2003i) . This becomes apparent only for [Fe/H]< —1 (Fig.0, well 
below the LMC or SMC metallicity. Plotting the deficiency as func- 
tion of ratio of C-type over M-type AGB stars (Fig.Q right panel) 
shows a clear relation: this ra tio is an effective tra cer of the metal- 
licity of the AGB population iGroenewegenI 1 99^ . 

The deficiency of PNe suggests that the mass-loss rates do not 
reach as high values for metallicities [Fe/H] ^ —1. Lower peak 
mass-loss rates will give rise to less dense PNe which will fade 
faster. Conversely, the lack of a relation at [Fe/H] > — 1 suggests 
that all these AGB stars reach similar mass-loss rates (although not 
necessarily at the same luminosities) regardless of metallicity. This 
change of behavi our at [Fe/H] = — 1 is in e xcellent agreement with 
the predictions of lBowen & WillsonI <199lh . 



4 AGB SUPERNOVAE 

We can estimate the effect of metallicity on the initial-final-mass. 
The goal is to obtain qualitative estimates: approximate, simple re- 
lations will suffice. In a more detailed calculation, more compli- 
cated relations could be substituted but these introduce their own 
uncertainties. The largest uncertainties comes from the mass-loss 
estimates, and not including hot bottom burning. 

The relation between the luminosity corresponding to a certain 
mass-l oss rate, and the metallicity, is taken from Bowen & Willsq^ 
Jl99ll) . Between Z = and ^ = 0.1 x ^q, this luminosity 



AGB Supemovae 3 



CD 
I 

o 



(X 



o 



0.5 







-0.5 



I I I I I I I I I I I I I I I I I I I I I I 



(E) 



(9) 



I I I I I I I I I I I I I I I I I I I I I I 



-1.5 



-1 -0.5 
[Fe/H] 



0.5 



0.5 







-0.5 



- 


1 1 1 1 1 1 1 

LMC _ 




- 


■ 

■ 

SMC 




NGC 6622 ^ 
■ 


WLM 

■ 
■ 




IC1613 




1 1 1 1 


1 1 1 1 1 1 1 



2 1 

C/M3+ 







Figure 1. Left: The ratio between number of planetary nebulae and luminosity of the parent stellar population (j/-axis), as function of metallicity (x), for 
nearby galaxies i Magrini et al. 2003). Encircled points indicate spiral galaxies affected by internal extinction. Right: The same ratio, as function of the ratio of 
carbon over M-type stars on the AGB, a tracer of the metallicity of the AGB population 



increases by a factor of 1.3, in pait because the wind is no longer 
dust driven. At lower Z, the luminosity required to support the same 
mass-loss rate scales as iBowen &WillsorJ 19911) : 

\ogL{Z)/L{ZQ) = 0.12 - 0.131ogZ/Zo; Z/Zq < 0.1. (2) 

The effect on the final mass of the star is derived 
from the core mass-luminosi ty relation, which we take from 
iBoothrovd & SackmamJ h988h : 

- = 59250 (^—- 0.495j (3) 

The increase of the final mass is very small for low core mass, 
but becomes significant for core masses corresponding to the heav- 
iest white dwarfs. We use an approximate present initial-final mass 
relation corresponding to solar metallicity: 

M{ = 0.5 + -^Mi. (4) 

The true re lation is shallow at low co re mass and steepens at high 
core mass ^V assiUadis & Woojll993l ). so this is a significant sim- 
plification which may be more realistic at high than at low Mc. 

The result is shown in Fig.|2| At solar metallicity, the most 
massive AGB stars reach final masses around IMq. Already at 
Z/Zq = 0.1, the most massive remnants approach the Chan- 
dresekhar limit. [This should be taken with caution as the most 
massive AGB stars may show higher luminosity than predicted 
from their core masses, due to t he effects of hot bottom burning 
jBloecker & Schoenbeme3ll99lll .1 At Z/Zq < 0.01, the Chan- 
dresekhar mass is reached for SM© stars and at Z/Zq < 0.001, 
for4M0. 

Carbo n ignition in the degene rate core will cause these stars 
to explode. |lben & Renzirul il983h named such objects 'type 1.5 
supernovae'; physically they could be considered an extension of 
type II SNe. The early work did not include the superwind which 
was later found to terminate the AGB before these events could 



occur. However, an absence of a superwind at the lowest metallici- 
ties means that AGB supemovae could still play a role in the early 
evolution of the Universe. 



5 DISCUSSION 

5.1 Double enriched stars 

We have presented calculations which indicate the possibility that 
massive AGB stars in the early halo would have given highly mas- 
sive remnants, leading to a population of AGB supernovae. In the 
context of the mixed r/s-enhanced halo stars, this suggests that the 
same companion star was responsible for the double pollution. For 
an initial mass in excess of 3-4 M©, the companion would first 
have developed into an AGB star. The wind of this star would have 
carried the s-process elements. After the core reached the Chan- 
dresekhar limit, a supernova explosion occured. r-Process elements 
formed during the explosion also polluted the companion star. The 
explosion may disrupt the binary system and so this model does not 
automatically predict that all such stars are binaries. However, if a 
binary, the companion should be a supernova remnant with appro- 
priate mass. 

Compared to the previously poposed models for the double 
enriched stars, the present model has the advantage of not requir- 
ing a close triple but only a binary, and it includes an explanation 
for the low metallicities of the doubly enriched stars. r-Process 
elements appear to be produced in low-mass (lOM©) type-II su- 
pernovae (Paael & Tautvaisiene 1995): the similar masses suggest 
their production could also be expected in AGB supernovae. 

5.2 Lithium 

IPreston & SnedenI <200ll) find that CS 22898-27 has a more or less 
normal lithium abundance for its metallicity, and wonder whether 
this is easily explained assuming pollution from an AGB star. AGB 
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stars experience lithiu-rich phases during hiot bottom burning. How- 
ever, the lithium is easily destroyed again and at different phases, 
the surface abundances can vary from very high to strongly de- 
pleted jSackmann & Boothrovd 1992): the lithium-rich phase is 
short-lived. The total lithium yield of low metallicity, hot bottom 
burnin g stars can be very c lose to the original Spite plateau abun- 
dance iVentura et alJl2o63) . Thus, the normal lithium abundance 
can be a coincidence. 

For hotter s-process enriched stars, the lithium 6708A line co- 
incides with a Cell line and derived abu ndances may be upper li- 
imits in such cases tRevniers et all20o3) . 



5.3 Supernova rates 

The effect on the supernova rate could be significant. Assuming a 
Salpeter IMF with a = —2.35, the ratio of stars exploding as SN 
on the AGB, compared to the normal type-II's is shown in Fig.|2| 
At the extreme Z, the contribution of these AGB-SN exceeds the 
normal type-II SN by a factor of a few. The AGB stars will however 
explode much later and would therefore play less of a role in the 
fast enrichment of the gas. 



5.4 Globular clusters 

Old lovz-Z population should show the effect of the higher final 
masses, and contain a population of heavy white dwarfs and an 
overpopulation of neutron stars. This would affect globular clus- 
ters: dynamical evidence for the presence of a high-M/L popula- 
tion of heavy remnants in t he core of Ml 5 ([ Fe/H ^ —2.25) is pre- 
sented by Phinnev ( 1992). IDu11 et alj jl997l) and lBaumgardt et alJ 
i2003). A high M/L was also found in the core of NGC 6752 
([PefR— —1.56), which could be caus ed by an excess pop ulation 
of heavy white dwarfs or neutron stars iFerraro et all2003l) . 



6 CONCLUSIONS 

From our present knowledge of AGB mass loss, the early Universe 
may have contained a population of supemovae which is not found 
in the local, high metallicity Universe. These AGB-SN are possible 
sites for the r-process, and provide a simple explanation for the 
small sample of low-metallicity. Galactic halo stars which show 
evidence for both s-process and r-process enrichment. 

The absen ce of dust driven winds at [Fe/H]= —1 is supported 
both by models Jb owen & W illson '1991") and observations (this pa- 
per). The prediction that stellar remnants are more massive at lower 
metallicities appears robust. Regardless of whether these remnants 
reach the Chandresekhar limit. The presence of high-mass white 
dwarfs in globular clusters is likely, and could explain the evidence 
for an excess M/ L in the cores of both M 15 and NGC 6752. 
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